Continuous satellite datasets are widely used in tracking vegetation responses to climate variability. Start of season (SOS), for example, can be derived using a number of methods from the time series of satellite reflectance data; however, various methods often produce different SOS measures which limit the application of satellite data in phenological studies. Therefore, we employed five methods to estimate SOS from the Advanced Very High Resolution Radiometer (AVHRR)/normalized difference vegetation index (NDVI) dataset. Subsequently, we compared the SOS with the ground-based first leaf date (FLD) of 12 deciduous broadleaved plant species at 12 sites of the Chinese Phenological Observation Network (CPON). The results show that the latitudinal patterns of five satellite-derived SOS measures are similar to each other but different from the pattern of ground phenology. For individual methods, the variability of SOS time series is significantly different from ground phenology except for HANTS, Polyfit, and Midpoint methods. The SOS calculated using the Midpoint method showed significant correlations with ground phenophases most frequently (in 47.1% of cases). Using the SOS derived from the Midpoint method, significantly earlier trends in SOS were detected in 50.7% of the natural vegetation area from 1982 to 2006.
Introduction
Phenology, as the study of periodic biological events in the animal and plant world [1] , occupies an important position in global change science. Long-term phenological data can provide independent evidence for the effects of environmental change [2, 3] . Impacted by recent climate change [4, 5] , trends toward earlier plant phenophases in spring have been observed in many places around the world [6, 7] .
Such phenological shifts can influence many properties of terrestrial ecosystems [4, 9] . It is reported that plant phenology is tightly coupled with the seasonal cycles of surface carbon and energy balances in boreal forest ecosystems in western Canada [10] . Modeled spring indices (SI), first bloom date, could serve as proxy for both average spring net ecosystem exchange (NEE) drawdown date and latentsensible heat crossover date in deciduous forests [11] . Earlier spring onset in combination with delays in the end of the growing season has also resulted in enhanced vegetation growth in the Northern Hemisphere over the past two decades [12] .
Before recent technological advances, the most conventional means to monitor phenological dynamic in plants was through manually recorded human observations at discrete intervals. Recently, researchers began to use eddy covariance towers and satellite sensors to assist in monitoring phenological change on larger spatial scales [4] . Remote sensing phenology or land surface phenology (LSP), defined as the seasonal pattern of variation in vegetated land surfaces observed from remote sensing [13] , is the focus of this study. We chose a primary phenological marker-the start of season (SOS)-as the object of this study. The SOS is also called the green-up date, the onset of greenness, or the start of the growing season.
The multiple SOS method can lead to distinct estimates in the same region [14, 15] . For example, based on different 2 Advances in Meteorology methods, the trends of advance in SOS for China's temperate region ranged from 2.25 days decade −1 [16] to 7.9 days decade −1 [17] . Therefore, the accuracy of SOS methods needs to be carefully evaluated according to ground phenology data. To address this problem, White et al. [18] performed a comprehensive intercomparison of ten SOS methods over broad regions of North America based on ground phenology data and cryospheric/hydrologic seasonality metrics. Schwartz and Hanes [11] further added the latent-sensible heat flux and carbon flux data into the comparison. A comparative study of satellite and ground-based phenology was also made in Switzerland [19] . These studies suggested that not all methods were closely related to ground observations. In temperate China, the accuracy of multiple SOS methods has not been assessed.
As the Institute of Geographical Sciences and Natural Resources Research (IGSNRR) at the Chinese Academy of Sciences has administered the Chinese Phenological Observation Network (CPON) and accumulated a solid database in recent years, we can thoroughly compare Phenological trends derived from remote sensing with those of ground observations and assess the accuracy of different SOS methods. In this study, we employed five methods to estimate SOS for China's temperate monsoon area using a consistently processed satellite dataset. Subsequently, we analyzed the relationships between different SOS measures and ground first leaf dates (FLD) at 12 CPON sites, evaluating which estimation methods for SOS were the best. As a result, we estimated 1982-2006 trends in SOS based on those methods that were most consistent with ground data.
Materials and Methods

Study Area.
The temperate monsoon area, located in north and northeast China, was chosen as the study area ( Figure 1 ). Mean annual temperature in this area ranges from −4 to 14 ∘ C, while mean annual precipitation decreases from 800 mm in the southeast to 400 mm in the northwest. Affected by the East Asian monsoon, precipitation mainly falls between June and August. The primary natural vegetation in this area, as identified from a digitized 1 : 1,000,000 vegetation map of China [20] , includes needleleaf forests, needleleaf and broadleaf mixed forests, and broadleaf forests.
Ground and Satellite Dataset.
Ground phenological data are derived from CPON, which began its observations in 1963 under the auspices of IGSNRR at the Chinese Academy of Sciences. In this study, data collected from 1982 to 2006 on twelve species of deciduous broadleaved trees and one phase (first leaf date (FLD)) at 12 CPON sites were compared ( Figure 1 and Table 1 ). According to the uniform observation criteria and guidelines of CPON [21] , the FLD is defined as the date when a plant forms its first fully unfolded leaf. A total of 85 different cases were therefore available, with one case consisting of a phenological time series at a specific site ( 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 6 6 6 5 5 missing data are estimated using a phenological model that is driven by temperature data from a nearby weather station. This gap-filling method was described in Ge et al. [8] .
With respect to the satellite data, we obtained the data set produced by the Global Inventory Monitoring and Modeling Studies (GIMMS) group of the normalized difference vegetation index (NDVI) for the period 1982 to 2006 at a spatial resolution of 8 km and 15 day intervals. This dataset was observed by Advanced Very High Resolution Radiometer (AVHRR) instruments aboard the NOAA satellite series 7, 9, 11, 14, 16, and 17 and has been corrected for calibration, view geometry, volcanic aerosols, and other effects not related to vegetation change [22] . Sparsely vegetated pixels with annual mean NDVI of less than 0.1 have been excluded to reduce the impact of bare soils [23] . In addition, pixels with cultivated vegetation [20] are excluded because the phenology of cultivated vegetation is strongly impacted by human activity.
Estimation of SOS.
There are several methods to extract SOS from the NDVI dataset. These methods usually consist of two steps [15] . The first step was to reconstruct continuous and daily NDVI series with the noise removed by using curve approaches, such as a polynomial function [17] , piecewise logistic functions [24] , a Fourier filter [25] , spline functions [26, 27] , or a Savitzky-Golay filter [28, 29] . In the next step, critical thresholds for SOS were determined from the reconstructed NDVI time series.
Five approaches are commonly used to determine SOS thresholds: (1) thresholds defined by the timing of the greatest relative change in multiyear averaged NDVI series, where the corresponding NDVI ( ) is determined as the NDVI threshold for SOS, where is the time with the maximum relative NDVI increase [17] ; it is worth noting that the SOS threshold is constant for each pixel and does not change with time; (2) maximum relative change, where the SOS is determined as the date with the maximum relative change of NDVI [30] ; (3) maximum increase, where the NDVI time series is firstly transformed to its first derivate; in each year, maximum of first derivate marks the SOS [19] ; (4) Midpoint, whereby the NDVI time series is first transformed to 0-1 NDVI ratio ; Then the SOS is defined as the day of the year when 0.5 NDVI radio is exceeded [26] ; and (5) 20% of NDVI amplitude, where the SOS is defined as the date when the NDVI has increased 20% of the seasonal amplitude from the growing season minimum level [31] . These five methods (Polyfit, Logistic, HANTS, Midpoint, and Timesat) are summarized in Table 2 . Specially, in the Logistic method, Zhang et al. [24] recognized that the SOS corresponds to the times at which the rate of change in curvature in the vegetation index data exhibits first local maximums. Other studies have, however, suggested that this metric may be sensitive to early spring understory growth [32] , so we utilize the approach of maximum relative change instead ( Table 2 ). All of these five methods were used to estimate SOS for each pixel in the study area over the 1982-2006 period. 
Comparisons and
Results
Assessment of Spatial Patterns for Variations of SOS.
At first, we studied the spatial pattern of SOS averaged over five SOS measures in the 1982 to 2006 period. The south to north progression of spring phenological events in the study area is shown to be delayed. Mean SOS is delayed from the south to the central study region and then becomes slightly earlier in the northeast region (Figure 2(a) ). The SOS in the Changbai Mountains (N38 ∘ 46 -47 ∘ 30 , E121 ∘ 08 -134 ∘ ) is later than the surrounding area. With regard to the vegetation types, the SOS of the steppe occurs on 16 May, which is the latest. Grass-forb, meadow, swamp, and alpine vegetation have similar SOS patterns ranging from 2 May to 4 May. SOS of needleleaf forest, mixed forest, broadleaf forest, and scrub is the earliest (April 27-30). Individual methods often differ in SOS measures, especially in North China. Across the study area, the maximum differences among the five satellite-derived SOS measures range from 19 to 100 days with a mean of 43 days (Figure 2(b) ), suggesting that different SOS methods may detect different portions of the annual vegetation development cycle.
For broadleaf forest, the latitudinal patterns of SOS derived from the five satellite measures are consistent ( Figure 3 ). All five satellite-derived SOS measures along with latitudinal gradients correlated significantly with each other ( < 0.05). In general, the ordinal ranking of SOS measures is HANTS > Midpoint > Logistic > Polyfit ≈ Timesat. For all of these methods, SOS is stable between 36 ∘ N and 50 ∘ N and gradually becomes earlier at lower and higher latitudes ( Figure 3 ). This pattern obviously varies with ground phenology. The FLD of woody plants delayed linearly with latitude ( < 0.05, Figure 3) . Because the entire 8 * 8 km pixels along the latitudinal gradient have different plant species compositions, the differences between satellite-derived SOS measures and ground phenology in spatial patterns are expectable.
Assessment of Temporal Variability of SOS.
The variability of SOS obtained through the above five methods is represented by the mean CV of each method. The CV in the northern parts of the study region is relatively smaller, suggesting that the SOS in Northeast China is more stable than that in North China (Figure 4(a) ). In regard to vegetation types, the CV of grass-forb reaches up to 0.124, which is the most variable (Table 3) . Scrub and steppe both have a CV of 0.088. SOS of the needleleaf forest, mixed forest, broadleaf forest, meadow, swamp, and alpine vegetation is less variable, with their CV ranging from 0.060 to 0.069. Individual SOS methods often differ in CV, especially in North China (Figure 4(b) ). Across the study area, the maximum difference between the CV of five satellite-derived SOS measures ranges from 0.019 to 0.523 with a mean of 0.077
Advances in Meteorology (see Figure 5 ). The mean CV of the Midpoint method (0.056) is closest to the CV of ground phenology (0.057). Figure 6 and summarized in Table 4 . The correlations of the five satellite-derived measures are significant in most cases. Especially for the Midpoint method, significant Pearson's correlation coefficients between the Midpoint method and other methods are found at 8 or more sites (Table 4) . HANTS method exhibits less consistency with other SOS methods except Midpoint (significant Pearson's correlation coefficients are found at only 1-3 sites).
Correlation between Satellite and Ground-Based Phenology. The correlation coefficients between time series of five SOS measures and FLD at each CPON site are shown in
The time series of plant phenophases observed at the same sites usually correlated significantly with each other (Figure 6 ). Regarding the relationship between the SOS and ground phenology, at least 14 of 85 cases showed significant correlations ( Figure 6 , Table 4 ) and 40 of 85 cases (47.1%) showed significant correlation for the Midpoint method. The numbers of significant correlations for other methods are much less than for the Midpoint method. Only 14, 14, 20, and 23 significant correlations from 85 cases could be detected for Logistic, Timesat, Polyfit, and HANTS methods, respectively. Therefore, SOS measures derived from the Midpoint method show the closest relationship with ground phenology.
In comparison with the 1982-2006 mean dates of ground phenophases, Midpoint, HANTS, Polyfit, and Logistic methods have significant 2 ( < 0.05, Figure 7 ). Timesat had 2 close to zero. The SOS measures based on the Midpoint method can explain 45% of interannual variability of ground phenophases at maximum although they are about 20 days later than the ground first leaf date.
SOS Trends in China's Temperate Monsoon Area.
Through the above analysis, the Midpoint method was more 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Figure 6 : Pearson's correlation coefficients between time series of ground phenophases and five satellite-derived SOS measures at each site. The red stars mark the significant correlations ( < 0.05). White color indicates no ground observation data. The numbers of ground phenophases (numbers 1-12) correspond to the numbers in Table 1 . The numbers of SOS methods (numbers [13] [14] [15] [16] [17] correspond to the numbers in Table 2 . Ground phenophases were first averaged to each site and then for all 12 sites across the region (note that the different sites have different sets of species). The missing ground observation data was interpolated by phenological models described by Ge et al. [8] . The error bar represents the uncertainty due to the interpolated data by models. Variances of ground phenophases explained by each SOS result ( 2 ) are shown. * < 0.05, * * < 0.01.
closely related to ground observations than other methods, so we investigated the trends of SOS using the Midpoint method. The SOS trends in China's temperate monsoon area from 1982 to 2006 are obvious (Figure 8 ). For all biomes (except cultivated vegetation), more than half of the area showed significantly earlier trends ( < 0.05). Especially for the needleleaf forest, 57.5% of the distribution area exhibited significantly earlier SOS trends with a mean of −0.22 days year −1 . The delayed SOS trends ( < 0.05) were detected in only 5.3% of the natural vegetation area (Table 5 ). The swamp had the maximum area proportion of 13.7% towards later SOS, while the needleleaf forest had the minimum area proportion of 1.6% towards later SOS (Table 5) . Overall, the linear trends of SOS over the temperate monsoon area of China were −0.13 days year −1 ( = 0.15, Figure 9 ). In addition, the year 1998 can be shown to have been a turning point during which the SOS trends changed (Figure 9 ). The linear trend in SOS before 1998 was −0.39 days year −1 ( = 0.03), while the SOS showed delaying trends of 0.45 days year −1 from 1998 to 2006 ( = 0.31).
Discussion
Among the satellite-derived SOS measures using the five most common methods, SOS differed in average day of the year by more than 100 days ( Figure 2 ) and in CV by more than 0.8 ( Figure 4 ) in some pixels. These results were in agreement with other studies [11, 18] . The nearly almost consistent latitudinal patterns ( Figure 3 ) and frequent significant correlations among five satellite-derived SOS measures ( Figure 6 ) suggest, however, that the SOS methods may simply detect different portions of the annual vegetation activity [18] . It is worth 8 Advances in Meteorology noting that these results were based on a given satellitebased NDVI dataset with identical data sources, durations, compositing schemes, and spatial resolutions. If the data sources were different, the significant correlations between the various satellite-derived SOS measures would be less frequent [11] .
Changing temperatures influence the variability of specific plant phenophases observed on the ground as well as spatially integrated SOS as seen from space [35] . Therefore, theoretically, the time series of the ground phenophases and satellite-derived SOS would highly correspond in their interannual variability. In this study, however, only 16.5-45.4% of the cases showed significant correlations between time series of FLD and satellite-derived SOS measures. The infrequent correlations can be attributed to the contrasting properties of satellite datasets and ground observation data. Satellite vegetation index datasets typically have coarse temporal resolutions (10-15 days) and spatial resolutions (0.25-8 km), while ground data generally consist of point values. This is the so-called point versus pixel problem [18] . Because the ground data in this study lacked detailed sampling schemes, there is a high probability that the species investigated cannot represent the overall phenological developments in an entire 8 km pixel. In addition, the different sites have different sets of species, which may be a source of variation in the comparison to satellite data. Although these uncertainties exist, the Midpoint method tracked the ground phenophases with high 2 (45%), suggesting that the interannual variability of satellite-derived SOS measures and spring phenophases of ground observed species is comparable even in a pixel with high land cover heterogeneity.
The time series of mean FLD for the 12 species investigated in this study advanced at a rate of 0.22 days year Figure 7 ). This result agrees with earlier spring phenological trends found in previous studies. For instance, 22 woody plants flowered earlier in eastern China during 1963-2006 period [36] . The modeled first leaf date of Fraxinus chinensis advanced at a rate of 0.11 days year −1 from 1952 to 2007 [37] . Compared with ground observations, satellite data can provide comprehensive coverage even though they can only reach back for three decades.
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The trends in satellite-derived SOS measures match ground observations. We found a remarkable earlier SOS trend in 50.7% of the natural vegetation area with a mean of 0.22 days year −1 (Figure 8 ). When the contributions of pixels with insignificant or later trends were considered, the overall trend in SOS across the study area was only 0.13 days year −1 ( = 0.15). As indicated by a previous study [38] , these changes in SOS are mostly driven by climate change, especially by temperature rise.
Our results highlight that ground observations have a certain linkage with remote sensing data, but approaches using limited numbers of plants face considerable challenges. Integrating and comparing ground phenology and satellitederived SOS measures need more detailed field observation, such as investigating the land cover of each pixel, the proportions of individual species in a community, and the rate of phenological status (rather than just recording the date of discrete events). For example, Liang et al. [39] employed intensive field observation to address the problem of the significant spatiotemporal scale mismatch between satellitemeasured land surface phenology and ground phenology. They found that the MODIS/EVI-derived SOS measure was able to predict landscape phenology of full bud burst date accurately [39] . To make detailed ground-based observations, however, requires much more labor. Recently, "near surface" remote sensing using digital photography has become commonplace [40] . Automated digital cameras, as inexpensive, easy-to-use multispectral sensors, can improve both spatial and temporal resolution with less labor [41] . Therefore, digital repeat photography has great potential for determining the relationships between the various measures of vegetation development in the future.
Conclusions
In this study, we assessed five SOS methods based on the ground FLD data of 12 deciduous broadleaf trees at 12 sites of CPON. The satellite-derived SOS measures varied greatly among the five methods. Furthermore, the variability of each of the five satellite-derived SOS measures was significantly different from each other. Through the correlation analysis between time series of five satellite-derived SOS measures and ground phenology, we found that the Midpoint method was most consistent with ground observations. Based on the Midpoint method, therefore, significantly earlier trends in SOS from 1982 to 2006 have been detected in 50.7% of the natural vegetation in the study area.
